INTRODUCTION
============

Human tuberculosis (TB) is a contagious-infectious disease mainly caused by *M. tuberculosis*, which is an aerobic pathogenic bacterium that establishes its infection usually in the lungs ([@b25]). About one third of the world's population is currently infected with *M. tuberculosis;* 10% of those infected will develop clinical disease, particularly those who also have the human immunodeficiency virus (HIV) infection. The infectious killer disease, - TB, - is the leading cause of death worldwide from a single human pathogen ([@b65]). The World Health Organization (WHO) estimates that active cases of tuberculosis afflict seven to eight million people annually, and lead up to three million deaths per year ([@b12]).

Although there are different regimens for treating tuberculosis in the practice, they all are far from ideal. Because these regimens are extremely difficult to follow it, WHO recommends a program of directly observed treatment (DOTS) ([@b47]). Only 21% of the world's TB patients were treated under DOTS in 1998. There are five reasons usually given for needing new tuberculosis drugs: (*1*) to improve current treatment by shortening the total duration of treatment and/or by providing for more widely spaced intermittent treatment, (*2*) to improve the treatment of multi-drug-resistant (MDR-TB) and extensively drug-resistant (XDR-TB) strains, (*3*) to provide for more effective treatment of latent tuberculosis infection (LTBI) in programs that are able to implement this practice, (*4*) side effects, especially hepatotoxicity, are an issue, which in some cases forces an untimely treatment termination, and (*5*) Since the 1960s, there have been few developments in available therapies for the treatment of tuberculosis, although the discovery of streptomycin by Selman Waksman was in 1944 ([@b7],[@b25],[@b35],[@b47],[@b49]).

Because natural products are a proven template for the development of new scaffolds of drugs ([@b9], [@b13], [@b46]), they have received considerable attention as potential anti-TB agents ([@b52]). Antimycobacterial active compounds have been found not only from terrestrial plants, but also from other organisms such as fungi and marine plants and animals ([@b18]).

Using preliminary functional assays for naturally occurring pure compounds as well as extracts from higher and lower forms of plants, microorganisms and marine organisms, it has been noted that inhibitory activity against *M. tuberculosis* is widespread in Nature. Many these tested compounds have been provided from investigators interested in phytochemical biodiversity. Usually, the potential pharmaceutical worth of the isolated molecules or have been derived from medicinal plants remains unknown since data to show that these compounds are adversely affecting mycobacterial survival mechanisms in humans ([@b50]).

Various reasons have been put forward to explain the success of natural products in drug discovery: their high chemical diversity, the effects of evolutionary pressure to create biologically active molecules, the structural similarity of protein targets across many species, and so on ([@b33]).

Given the past contributions of natural products to drug discovery and given the fall in the number of new medicines introduced each year (FDA drug approvals down from \~40 in 1996 to \~20 in 2006), it seems surprising that natural product-based drug discovery has fallen so far out of fashion with the pharmaceutical industry. Some of the reasons behind that shift are caused by the difficulties in accessing natural products in ways that are compatible with high throughput screening ([@b33]).

For the above reasons, it is important to develop new strategies for evaluation and discovery of antimycobacterial drugs, the aim of the present review is to provide and discuss different *in vitro* methods for discover antitubercular agents in natural products research, and offer a guide for researchers to select an adequate method for determinate biological activity.

Activity-Bioassay guided
------------------------

Most collections of natural products start as extracts of fresh or dried material prepared by using various solvents. The extracts are complex mixtures of perhaps several hundred different compounds. Traditional bioassay guided fractionation techniques are generally regarded as being too slow to fit into the pace of high throughput screening: the assays may only be run for a few months in an intensive screening campaign, and the purification of active compounds may not be possible in that time frame ([@b33]).

The typical process of discovering natural-product hits and their progression towards development include several phases, which the natural product is extracted from the source, concentrated, fractionated and purified, yielding essentially a single biologically active compound. Chromatography is one of the most useful means of separating mixtures of compounds, as a technique to both purify the components and identify them. Primary methods of chromatography in isolation and analysis of natural products include the following: thin layer chromatography (TLC), liquid column chromatography (LC), gas chromatography (GC), high-performance liquid chromatography (HPLC), fast protein liquid chromatography (FPLC), immobilized metal-ion affinity chromatography, and antibody affinity chromatography ([@b62]).

The bottleneck in natural products chemistry is, generally, separation/purification of target compounds from complex mixtures and their structure elucidation. The most important tools for structure elucidation of natural products are nuclear magnetic resonance (NMR) and mass spectroscopic (MS) techniques. In addition, infrared (IR) and ultraviolet-visible spectrophotometric (UV-Vis) methods are of importance ([@b20]).

In response to the competition from synthetic compound libraries, the process of natural product screening has been streamlined. Nowadays, the mechanics of extract preparation and bioassay-guided fractionation are increasingly automated with partially or fully purified materials being used upfront to avoid crude extracts altogether ([@b41]). The recent development in the hyphenated techniques, which combine separation technologies such as HPLC and solid phase extraction (SPE) with NMR and MS techniques, has had a substantial impact in shortening the time line for dereplication, isolation and structure elucidation of the natural individual compound presented in the crude extracts ([@b41]).

The driving force behind much phytochemical research is the discovery of new biologically active compounds for medicinal or agricultural uses. Biological assays, then, must be carried out in order to identify promising plant extracts, to guide the separation and isolation, and to evaluate lead compounds ([@b57]).

The emergence of pathogenic microbes with increased resistance to established antibiotics provides a major incentive for the discovery of new antimicrobial agents. Antimicrobial screening for the phytochemicals from plant extracts, then, represents a starting point for antimicrobial drug discovery ([@b57]), especially, antimycobacterial drugs.

Anti-TB in vitro bioassays
--------------------------

**Agar diffusion**: The paper disk diffusion bioassay as well as agar diffusion assays were first developed for bacteria ([@b21], [@b32]). Disk methods comprise the placing of filter paper disks containing test compounds on agar plate surfaces previously inoculated with the test organism. The test molecules or plant extracts then diffuse into the agar and inhibit growth of the test microorganisms ([@b32]). After incubation, mean diameters of growth inhibition zones are recorded. Recently, a *M. marinum* zone of inhibition assay has been developed as a method for screening of antimycobacterial compounds from marine organisms extracts, the use of *M. marinum*, which is a ubiquitous aquatic pathogen, makes of this specie a model for to evaluate antitubercular activity of this kind of natural products ([@b6]). Diffusion assays are recommended more for polar rather than non-polar molecules or mixture of compounds such as essential oils ([@b40]).

These assays employed in many antimicrobial assays for discovery of natural product leads are not quantitative when used to evaluate extracts or new compounds, but are merely an indication that there is growth inhibition at some unknown concentration along the concentration gradient ([@b52]). With mycobacteria, there are additional reasons to avoid diffusion assays. A principal problem is that the mycobacteria cell wall is often more susceptible to less-polar compounds. Non-polar compounds will diffuse more slowly than polar compounds in the aqueous agar medium and, thus, giving the erroneous impression of weak activity ([@b52]). This problem is encountered when zones of inhibition are compared for different classes of compounds like essential oil compounds, compounds found in aqueous plant extracts, or standard antibiotics ([@b52]). Furthermore, agar-diffusion methods are difficult to run on high capacity screening platforms ([@b19]).

**Agar dilution**: In the 1950s, Canetti *et al*. described the first Drug Susceptibility Testing (DST) method for *M. tuberculosis*, involving the preparation of a concentration series of drugs against *M. tuberculosis* complex in Lowenstein-Jensen medium, inoculation of the bacterial cultures on the slants, and reading of the inhibition of growth by drugs at different concentrations ([@b10], [@b60]). The agar dilution tests permit to determine the MIC, however, none of its worked out modifications was repeatedly used over a longer period of time. Disadvantage is the high need of amounts of test compounds (20 mg/plate to test 1.000 mg/mL), which restricted its use to easily available test materials ([@b10], [@b52]). In essential oil compounds, a solvent or detergent has to be added into the agar medium for homogenization. Volatilization of test material and activity in the vapor phase of a Petri dish may also occur and play a role in determining MIC by this method, affecting a real antimicrobial activity ([@b34], [@b52]). Other dilution methods uses a concentration series of antituberculosis drugs, in 7H10 medium, distributed semi-automatically in 25-well plates ([@b60]). The major disadvantage with such assays is the time requirement to visibly detect growth of the colonies.

**Radiometric**: BACTEC 460® instrument is a semi-automated radiometric drug susceptibility testing (RAD) method that measures the ^14^CO~2~ produced by metabolic breakdown of (1-^14^C) palmitic acid in a liquid Middlebrook 7H12 medium ([@b4], [@b16], [@b42]). With this method, multiple concentrations can be tested and an MIC calculated ([@b16]). However, although results are generally available in 5 days, the tests performed on the BACTEC system are costly and are not suited to the evaluation of large numbers of compounds ([@b15]). Other radiometric assay system, which can be employed to screen for inhibitors of mycobacterial growth uses a strain of the rapidly growing saprophyte *Mycobacterium aurum* is used as the test organism. Inhibition of its growth is highly predictive of activity against *M. tuberculosis*, which cannot itself be used in screening because of its growth characteristics and highly infectious nature. The viability of *M. aurum* in the presence of a test sample is monitored by measuring the uptake of radiolabelled uracil into the cells. In a microtiter plate format, the screen has the potential for testing several thousand samples per day ([@b15]). The major disadvantages of these assays are the cost and the isotope disposal in some countries.

**Micro broth dilution**: Dilution bioassays have one major advantage over diffusion bioassays, namely the test compound concentration in the medium is defined. Consequently, dilution assays are regarded as the method of choice to compare MIC values ([@b11], [@b56]). The advent of microtitre plates has led to significant reductions in test compound concentrations; furthermore, in combination with spectrophotometric or fluorometric plate readers it is possible to get enormously throughput ([@b52], [@b32]). Whereas the growth of many mycobacteria can be quantitated by turbidity in a liquid medium, the tendency of mycobacteria to clump makes this a difficult test. However, test samples that are not fully soluble may interfere with turbidity readings, making interpretation difficult, emphasizing the need for a negative control or sterility control, *i.e.* extract dissolved in blank medium without microorganisms ([@b52], [@b19]). An important alternative can be the use of oxidation/reduction indicator dyes such as Alamar Blue ([@b27], [@b36], [@b37]), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) ([@b1], [@b22]), 2,3,5-triphenyltetrazolium chloride (TTC) ([@b44]), and 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-\[(phenylamino)carbonyl\]-2H-tetrazoliumhydroxide (XTT) ([@b23]), with which, the growth/inhibition can be read visually; and the reduced form of these dyes can also be quantitated colorimetrically by measuring absorbance at 570 nm, or fluorimetrically by exciting at 530 nm and detecting emission at 590 nm; the latter mode is more sensitive. These more quantitative assays are also capable of detecting partial inhibition, making it ideal for determining the relative activity of fractions using one or two concentrations ([@b52]). In general, dilution methods are appropriate for assaying polar and non-polar extracts or compounds to determine MIC and MBC/MFC-values ([@b19]). However, in the case of essential oils, it is important to take into account that the evaporation and the absorption of components by plastic plates could affect the antimicrobial activity, as far as, broth dilution assays should be carried out under sealed conditions to prevent loss of evaporation, and glass material should be used to prevent loss by absorption ([@b34]).

**Flow cytometry**: The first experiments, in which flow cytometry was used to study the effects of antimicrobial agents in prokaryotes, were carried out at the beginning of the 1980s ([@b58]). In the 1990s, there were interesting and important advances in this field from microbiology laboratories, and consequently, the number of scientific articles addressing at the antimicrobial responses of bacteria (including mycobacteria), fungi, and parasites to antimicrobial agents, were considerably increased ([@b2]).

Fluorescein diacetate (FDA) (a nonfluorescent diacetyl fluorescein ester that becomes fluorescent upon hydrolysis by cytoplasmic esterases) staining and flow cytometry were used by Norden *et al*. ([@b48]) for the flow cytometry susceptibility testing of *M. tuberculosis*. Pina-Vaz *et al.* stained *M. tuberculosis* in the absence or presence of antimycobacterial drugs with SYTO 16 (a nucleic acid fluorescent stain that only penetrates into cells with severe lesion of the membrane) ([@b54]). The time needed to obtain susceptibility results of *M. tuberculosis* using classical methodologies is still too long, and flow cytometry is a promising technique in the setting of the clinical laboratory, giving fast results. However, the higher cost of equipment is a limitation of this methodology.

**Reporter gene assays**: Genes encoding luciferase enzymes have been cloned from several species of firefly, beetle, crustacean, bacteria and the sea pansy ([@b45]). Other fluorescent proteins such as the red fluorescent protein (RFP) and green fluorescent protein (GFP) has been used, following their introduction in mycobacteria on plasmids, permits the rapid determination of bacterial viability by measuring the expression of an introduced fluorescent or luminescent protein ([@b52], [@b3], [@b17]). Application of these proteins permits to work in multi-well formats with more convenient high throughput detection. This potentially allows the development of screens to be established that utilizes common equipment and procedures to detect activity at different targets ([@b45]). Since reporter gene assays are now just one of many options available, and considering that their use for commercial applications is often limited by patent restrictions, the number of laboratories reported to be using this technology for primary screens of natural products is fairly small ([@b45]).

**High-performance liquid chromatography mycolic acid analysis**: Mycolic acid analysis using HPLC and *p*-bromophenacyl bromide derivatizing reagent for UV detection is a well-established method for identification of mycobacterial strains isolated from clinical specimens ([@b8], [@b61]). It was found that a linear relationship between the total area under the mycolic acid (TAMA) chromatographic peaks of a culture of *M. tuberculosis* and log CFU per mL, suggesting the possibility of using TAMA as a good estimator of mycobacterial growth and also as a means of susceptibility testing of *M. tuberculosis* ([@b28], [@b61]). Although the reagents and supplies for HPLC are more cheaply compared with those needed for Bactec radiometric method, the cost of this equipment limits a more wide use.

Toxicology assays
-----------------

Toxicity is a leading cause of attrition at all stages of the drug development process ([@b5], [@b39]). *In vitro* toxicology assays can be divided on the basis of timing and purpose of the application into prospective assays and retrospective assays ([@b5], [@b39]). Prospective *in vitro* toxicology assays are those assays that are conducted before the first *in vivo* toxicology studies, and attempt to predict toxicities that are development-limiting. These include assays for general or cell-type-specific cytotoxicity, genotoxicity, hERG (human ether-a-go-go-related, also known as KCNH2) channel block, drug--drug interactions and metabolite mediated toxicity. These cytotoxicity assays are often among the earliest toxicity assays to be conducted. I*n vitro* cytotoxicity assays can be valuable for interpreting the results of *in vitro* safety and efficacy assays. Results for many of the *in vitro* assays detailed below may be confounded by cytotoxicity; indeed, the Ames assay and micronucleus assay include an assessment of genotoxicity that is critical for the interpretation of the assay results ([@b5], [@b39]).

Dormant tubercle bacilli assays
-------------------------------

An important problem in tuberculosis control is the persistence of *M. tuberculosis* despite chemotherapy ([@b24]). A stage of latency in tubercle bacilli has been found as principle cause for most of the problems associated with the disease ([@b64]). There is still no specific drug available in the market, which could effectively kill this latent bacillus ([@b38]). The obstacle in the development of novel drugs is caused to the lack of a screening system, which can determine inhibitors of latent bacilli of tuberculosis ([@b38]). Wayne\`s hypoxic model is used for *in vitro* evaluation of new compounds, but posses low throughput capability ([@b38], [@b63]). Using a *M. tuberculosis* pFCA-luxAB strain, which is *M. tuberculosis* H37Rv strain containing a plasmid with an acetamidase promoter driving a bacterial luciferase gene, Cho *et al.* (2007) implemented a high-throughput, luminescence-based low-oxygen-recovery assay for screening of compounds against nonreplicating *M. tuberculosis* ([@b14]). Recently, Khan and Sarkar (2008) have developed a dormant stage specific antitubercular screening protocol in microplate format using Wayne's hypoxic model and nitrate reductase activity in *M. bovis* BCG (Bacillus Calmette-Guérin) culture ([@b38]).

Macrophages assays
------------------

*In vitro* models of macrophage infection by *Mycobacterium* spp have been used to assay virulence and the intracellular activity of antimycobacterials ([@b43]). A source of macrophages can vary species, including humans, mice and rabbits. The strain of *M. tuberculosis,*used to infect the macrophages, is another source of variability, *e.g*., *M. tuberculosis* H37Ra, H37Rv, Erdman, and clinical isolates ([@b43]). Species of mycobacteria other than *M. tuberculosis* have also been tested, *e.g., M. bovis* BCG and *M. avium*. The species *M. tuberculosis* is cytotoxic for macrophages are known; the extent of the toxicity depends on all of the variables cited above. The results of macrophage cytotoxicity are most heavily infected die rapidly and become no adherent ([@b43]). The activity of selected compounds against intracellular *M. tuberculosis* can be determined using the murine macrophage cell line RAW 264.7 (ATCC TIB-71) infected with *M. tuberculosis* luciferase reporter strain pSMT1 ([@b55]). Measurement of luminescence has shown to provide a rapid alternative to the counting of colonies as a means of evaluate mycobacterial viability ([@b55]).

Criteria for activity
---------------------

In anti-infective *in vitro* models, the activity of extracts or compounds is generally expressed by numeric values (IC~50~, IC~90~, MIC, etc.). For a correct interpretation of these efficacy variables, a profound knowledge of the model and the used protocol are required ([@b19]). Relevant activity relates to IC~50~ values below 100 µg/mL for plant extracts (128 µg/mL if is used the Clinical and Laboratory Standards Institute MIC range), 0.25% v/v for essential oils and below 25 µM for pure compounds ([@b19], [@b29], [@b31], [@b53]). For whole-cell bacteria activity an optimal value being ≤1 μg/mL is required ([@b26]). Tosun *et al.* proposed to consider promising activity in a concentration of 200 µg/ml, but the literature reports that "antibacterial" compounds with MICs values greater than 100 μg/mL, which are poorly active and their clinical perspective has little relevance in reality an MIC of less than 10 μg/mL, and ideally less than 2 μg/mL with a selectivity index (SI = IC~50~Vero cells/MIC) of \>10 is considered as being of interest to pharmaceutical industry ([@b30], [@b51], [@b59]).

Perspectives
------------

Natural products have and will continue to be a major resource for therapeutic products. Until now days, researchers consider them a source of diverse chemical structure that are virtually impossible to replicate in a synthetic chemistry laboratory. The above techniques have been refined into high throughput methods by the application of parallel processing procedures to the chromatographic and analytical steps. Following screening, active fractions are rapidly purified and the structure of the components determined using a rapid and sensitive combination of NMR and mass spectrometry with as little as 50 µg of sample. The sequence of procedures developed by this group will undoubtedly contribute to the supply of libraries for the already well-developed high-throughput screening programs. The continuous development of sensitive, rapid and inexpensive assay materials and detection equipment will ensure that researchers in all institutions are able to contribute to the development of our understanding and utilization of natural product resources.
